Context: Anorexia nervosa and normal-weight hypothalamic amenorrhea are characterized by hypogonadism and hypercortisolemia. However, it is not known whether these endocrine abnormalities result in reductions in adrenal and/ or ovarian androgens or androgen precursors in such women, nor is it known whether relative androgen deficiency contributes to abnormalities in bone density and body composition in this population.
A NOREXIA NERVOSA PRIMARILY affects women of reproductive age and is complicated by severe bone loss, abnormalities in body composition, and endocrine dysfunction (1) . Normal-weight women with hypothalamic amenorrhea are similarly, but less severely, affected (2) . Endocrine abnormalities include hypogonadism, hypercortisolemia (3, 4) , and IGF-I deficiency (5) . The extent to which hypogonadism and/or adrenal dysfunction may lead to a reduction in adrenal and/or ovarian androgens and androgen precursors is not known. The potential contribution of androgen deficiency to abnormal bone density and body composition has not been investigated. Data derived from small numbers of subjects are contradictory, suggesting normal (6 -10) , low (11) (12) (13) (14) (15) (16) (17) (18) (19) , or elevated (15, 20 -23) androgens or dehydroepiandrosterone sulfate (DHEAS) levels in both anorexia nervosa and normal-weight women with hypothalamic amenorrhea. Limitations in testosterone and free testosterone assays at the low levels observed in women contribute to the controversy and the conflicting results. Whether hypoandrogenemia is present and contributes to reduced bone or lean body mass in women with anorexia nervosa and normalweight women with hypothalamic amenorrhea is not known.
It is a common practice to prescribe estrogens for women with anorexia nervosa (24) , despite the fact that two randomized trials have demonstrated a lack of efficacy to increase bone mineral density (BMD) in such women (25, 26) . Hypothesized mechanisms underlying this reported lack of effectiveness of estrogen have focused on the impact of severe undernutrition and IGF-I deficiency. A known effect of oral contraceptives in healthy women of reproductive age is to decrease testosterone, free testosterone, and DHEAS (27) (28) (29) (30) (31) (32) (33) (34) (35) . However, it is not known whether similar reductions occur in women with anorexia nervosa or whether estrogeninduced hypoandrogenemia is one of the mechanisms underlying the ineffectiveness of oral contraceptives to either prevent or reverse bone loss in women with anorexia nervosa.
We hypothesized that androgens and DHEAS, a prehormone that is converted endogenously to androgens and estrogens, would be reduced in women with anorexia nervosa and normal-weight women with hypothalamic amenorrhea and that oral contraceptive use would further reduce such levels in women with anorexia nervosa. We also investigated whether androgen and preandrogen levels were predictors of body composition and bone density. We therefore compared total testosterone, free testosterone, and DHEAS levels and examined the relationships between androgen levels and body composition in a total of 217 women in four groups: 1) women with anorexia nervosa not receiving oral contraceptives, 2) women with anorexia nervosa receiving oral contraceptives, 3) normal-weight women with hypothalamic amenorrhea, and 4) healthy controls.
Subjects and Methods Subjects
We studied 217 women: 1) women with anorexia nervosa not receiving oral contraceptives (n ϭ 137), 2) women with anorexia nervosa receiving oral contraceptives (n ϭ 32), 3) normal-weight women with hypothalamic amenorrhea (n ϭ 21), and 4) healthy controls of reproductive age (n ϭ 27). All subjects were recruited from the community through advertisements and referrals from healthcare providers. Participants with anorexia nervosa were consecutive screens for our bone health studies from February 1997 through August 2004; all who did not meet Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) (37), criteria for anorexia nervosa, had discontinued or initiated oral contraceptives in the previous 3 months, or were receiving androgen or DHEA therapy were excluded from analysis. Normalweight women with hypothalamic amenorrhea and healthy, eumenorrheic controls had been recruited for a previous cross-sectional comparison of bone density and leptin levels (2, 36) .
Women with anorexia nervosa fulfilled all DSM-IV (37) diagnostic criteria for anorexia nervosa. These included intense fear of gaining weight, emphasis on body shape, weight less than 85% of ideal body weight (IBW) as determined by the 1983 Metropolitan Life tables (38) , and lack of menses for at least three consecutive months. Women in the group receiving oral contraceptives had been receiving oral contraceptives for at least 3 months (range of 4 -240 months, median of 36 months). Normal-weight participants with hypothalamic amenorrhea were 90 -110% of IBW, amenorrheic for at least 3 months, and had normal, i.e. nonelevated, FSH, prolactin, testosterone, and free testosterone levels as well as an LH/FSH ratio less than 2.5 and the absence of hirsutism or other signs of hyperandrogenemia; history of an eating disorder was also an exclusion criterion. Twenty-eight healthy controls, 90 -110% of IBW, with regular menses, were also studied. Exclusion criteria included history of amenorrhea, an eating disorder, or oral contraceptive use within the past 3 months. Current or past use of medications known to affect bone density, including glucocorticoids, bisphosphonates, and anticonvulsants, were exclusion criteria for all groups. Baseline characteristics, including BMD, of the normal-weight women with hypothalamic amenorrhea, healthy controls, and a subset of women with anorexia nervosa have been previously published (1, 2, 36, 39) .
Methods
This study was approved by the Institutional Review Boards at Partners Health Care, Inc., and the Massachusetts Institute of Technology, and written informed consent was obtained from all subjects. All subjects were admitted to the General Clinical Research Centers at Massachusetts General Hospital and Massachusetts Institute of Technology for an outpatient visit, which included BMD determinations, nutritional evaluation, including weight in a gown, height, frame size, calculation of percent IBW and body mass index (BMI), performed by research dieticians. All healthy controls were studied during the early follicular phase, d 1-7, of the menstrual cycle. A study investigator interviewed study participants and obtained menstrual history, duration of anorexia nervosa, and medication use and confirmed the diagnosis of anorexia nervosa. BMD and body composition were measured using dual-energy x-ray absorptiometry with a Hologic 4500 densitometer (Hologic, Inc., Waltham, MA). This technique has a precision of 0.01 g/cm 2 at the lumbar spine, 3% for fat mass, and 1.4% lean body mass (40, 41) . Serum was collected and stored at Ϫ80 C for subsequent measurement of endocrine variables.
Assays
Serum testosterone was measured by RIA [Diagnostic Products Corp. (DPC), Los Angeles, CA] with a sensitivity of 2 ng/dl, an intraassay coefficient of variation (CV) of 4.1-10.5% and an interassay CV of 5.9 -12%. SHBG was measured by immunoradiometric assay (DPC), with a sensitivity of 0.5 nmol/liter, an intraassay CV of 2.8 -5.3%, and an interassay CV of 7.9 -8.5%. Free testosterone was calculated from total testosterone and SHBG using the laws of mass action. This calculated value has been validated to have a high degree of agreement with the free testosterone concentrations determined by equilibrium dialysis (42) . DHEAS was measured by RIA (DPC), with a sensitivity of 2.5 mcg/dl, an intraassay CV of 3.8 -5.3%, and an interassay CV of 6.3-11%.
Statistical analysis
Statistical analysis was performed using JMP Statistical Discoveries, version 4.0.2 (SAS Institute, Inc., Cary, NC). All variables were tested for normality by the Shapiro-Wilk test. All variables that were not normally distributed in all groups (total testosterone, free testosterone, DHEAS, and SHBG) were log-transformed. Clinical characteristics and bone densities were compared using ANOVA. Univariate regression analyses were performed to investigate androgens and preandrogens as potential predictors of bone density and body composition parameters. The term Z-score is defined as a sd score compared with an age-adjusted mean. Data are reported as mean Ϯ sem.
Results

Clinical characteristics of study subjects
Clinical characteristics of all four groups were compared in Table 1 . The mean age did not differ among the four groups. As expected, mean BMI, percent IBW, total fat mass, percent fat, and fat-free mass were all lower in women with anorexia nervosa compared with healthy controls, but there was no difference between the normal-weight women with hypothalamic amenorrhea or healthy control groups. Mean fat-free mass was higher in the group of women with anorexia nervosa receiving oral contraceptives than in those not receiving oral contraceptives. BMD at the posteroanterior (PA) spine, lateral spine, hip, radius and total body were lower in women with anorexia nervosa compared with healthy controls and normal-weight women with hypothalamic amenorrhea. There was no difference in bone density at any skeletal site between women with anorexia nervosa not receiving oral contraceptives and those receiving oral contraceptives, after controlling for percent IBW. Bone density at the PA and lateral spine were lower in normal-weight women with hypothalamic amenorrhea compared with healthy controls.
Hormone levels
Mean androgen levels are shown in Table 2 . Mean total testosterone levels were significantly lower in both groups of women with anorexia nervosa, those receiving and not receiving oral contraceptives, compared with both healthy controls and normal-weight women with hypothalamic amenorrhea. Mean free testosterone levels were significantly lower in both groups of women with anorexia nervosa compared with healthy controls and normal-weight women with hypothalamic amenorrhea. Mean free testosterone levels remained significantly lower in both groups of women with anorexia nervosa compared with healthy controls but not compared with normal-weight women with hypothalamic amenorrhea after controlling for percent IBW. In addition, mean free testosterone levels were lower in women with anorexia nervosa receiving oral contraceptives than in women with anorexia nervosa not receiving oral contraceptives. Mean total and free testosterone levels remained significantly lower in the women with anorexia nervosa not receiving oral contraceptives than in normal-weight women with hypothalamic amenorrhea after controlling for duration of amenorrhea. Mean DHEAS levels were lower in women with anorexia nervosa receiving oral contraceptives than in the other three groups. There were no significant differences in DHEAS levels among the other groups, including women with anorexia nervosa not receiving oral contraceptives and healthy controls. The differences in free testosterone and DHEAS among women with anorexia nervosa receiving and not receiving oral contraceptives remained significant after controlling for percent IBW or fat-free mass. Mean SHBG levels were higher in women with anorexia nervosa receiving oral contraceptives than the other three groups. Both total (r ϭ 0.22; P ϭ 0.02) and free testosterone (r ϭ 0.73; P Ͻ 0.0001) were associated with SHBG levels. The comparisons of mean hormone levels among the groups are shown in Fig. 1 .
Testosterone, free testosterone, and DHEAS as predictors of bone density and body composition
Linear regression models were constructed for total testosterone, free testosterone, and DHEAS on bone density and body composition variables; the results are shown in Table  3 . The analyses revealed significant positive associations between both androgens and preandrogens (testosterone, free testosterone, and DHEAS) and the following body composition variables: bone density at all sites, BMI, percent IBW, fat mass, and percent fat, except that total hip bone density was not significantly associated with DHEAS. Free testosterone was a positive predictor of fat-free mass, but total testosterone and DHEAS were not. All associations with DHEAS, except for with hip BMD and fat-free mass, and all associations with total and free testosterone remained significant or tended to be significant (P Ͻ 0.1) after controlling for age. After controlling for BMI, total testosterone, free testosterone, and DHEAS did not remain predictors of BMD or body composition variables.
Discussion
Our data demonstrate lower mean total testosterone and free testosterone, but not DHEAS, levels in women with anorexia nervosa compared with healthy controls and normal-weight women with hypothalamic amenorrhea. Women with anorexia nervosa who were receiving oral contraceptives had the lowest levels of free testosterone and DHEAS, much lower even than women with anorexia nervosa not receiving oral contraceptives. DHEAS levels were not reduced in women with anorexia nervosa, except for those who were receiving oral contraceptives. In addition, normalweight women with hypothalamic amenorrhea did not have lower mean levels of total testosterone, free testosterone, or DHEAS than healthy controls. Of note, healthy, eumenorrheic controls were all studied during the early follicular phase of the menstrual cycle. Because testosterone and free testosterone levels increase 20 -30% at midcycle, the differences between the women with anorexia nervosa and the controls would have been even greater if we had measured androgen levels at that time. Also of note, endogenous total testosterone, free testosterone, and DHEAS levels were all significant determinants of bone density in this cross-sectional study, raising the question of whether hypoandrogenemia may contribute to low bone density in women with anorexia nervosa and whether the lack of effectiveness of oral contraceptives as a therapy for bone loss may in part be attributed to the resultant reduction in free testosterone levels. Interventional studies would be necessary to investigate this possible mechanism further. Previous reports in small numbers of women have shown variably low (11) (12) (13) (14) (15) (16) (17) (18) , normal (6 -10), or elevated (15, 23) androgens or DHEAS levels in women with anorexia nervosa. Some of these studies compared androgen or preandrogen levels with published normal ranges, instead of with those of recruited healthy control groups. Similarly, investigations of androgen levels in normal-weight women with hypothalamic amenorrhea have yielded conflicting results. There have been several reports of elevated testosterone levels in amenorrheic and oligoamenorrheic athletes (20 -22) , whereas other reports of normal-weight women with hypothalamic amenorrhea have demonstrated decreased levels (19) . In contrast, the data regarding the effects of oral contraceptives on androgen levels in healthy women of reproductive age are congruent in that they clearly demonstrate decreases in free testosterone and DHEAS in healthy women of reproductive age (27) (28) (29) (30) (31) (32) (33) (34) (35) . To our knowledge, ours is the first report of similar effects in women with anorexia nervosa, in whom the reduction of endogenous anabolic hormones could prove particularly relevant in that it may contribute to the known loss of bone mass and lean body mass in this disease.
Bone density is reduced in men with hypogonadism, and testosterone replacement results in reversal of the bone loss incurred. Moreover, we have recently shown that low-dose testosterone replacement therapy increases bone density at the hip and radius in women with severe androgen deficiency due to hypopituitarism (43) . Three other randomized placebo-controlled studies have demonstrated increases in bone density with androgen administration in surgically or naturally menopausal women (44 -46) , whereas one randomized placebo-controlled study showed no difference with methyltestosterone plus esterified estrogens compared with esterified estrogens alone in postmenopausal women (47) . In a study in which DHEA was administered to girls with anorexia nervosa for 1 yr, an increase in hip bone density compared with baseline was found in the initial analysis but was not detectable after controlling for weight gain; moreover, no increase in spine bone density was observed (13) . Cross-sectional studies in healthy women have shown strong positive correlations between both free testosterone and percent free testosterone and bone density (48, 49) . In a longitudinal study, Slemenda et al. (48) showed that lower androgen levels predicted subsequent bone loss in premenopausal, perimenopausal, and postmenopausal women. Our group has previously reported strong associations between change in free testosterone and change in surrogate markers of bone formation in adolescent girls with anorexia nervosa (50) . However, to our knowledge, this is the first report of positive associations between bone mineral density and androgens in adults with anorexia nervosa. This finding could be clinically significant in a disease that is complicated by severe bone loss. The fact that associations did not remain significant after controlling for BMI reflects the relationship reported in this manuscript between undernutrition and hypoandrogenemia. Prospective, interventional studies will be necessary to determine whether there is an independent effect of circulating androgens on BMD in anorexia nervosa.
Limitations of this study include its cross-sectional design, assay limitations for androgen levels in women, and the fact that all samples were not drawn at 0800 h. The positive associations observed between both weight and body fat and androgen levels suggest that low weight and/or abnormal- Mean total and free testosterone levels are lower in women with anorexia nervosa not receiving oral contraceptives (AN Ϫ E) and women with anorexia nervosa receiving oral contraceptives (AN ϩ E) than in normal-weight women with hypothalamic amenorrhea (HA) and healthy controls of reproductive age (HC); mean free testosterone and DHEAS levels are lower in AN ϩ E than AN Ϫ E; DHEAS levels were not lower than normal in AN Ϫ E. *, P Ͻ 0.05 compared with HC and HA; **, P Ͻ 0.05 compared with AN Ϫ E, HC, and HA.
ities in body composition are mechanisms underlying the hypoandrogenemia in women with anorexia nervosa. However, the reverse is also possible, and causality can be established only in prospective trials. Another limitation of the study is the assay for testosterone used. This is particularly true at the low levels observed in women (42, 51) . Tandem mass spectrometry has been recently introduced and is increasingly accepted as the most accurate testosterone assay, but its use is limited by lack of wide availability and high cost. The direct RIA used in this study, along with one other assay, were shown to correlate most closely with tandem mass spectrometry of 11 manual and automated immunoassays examined in 122 men in a study by Wang et al. (51) .
In the current study, we calculated free testosterone levels using total testosterone and SHBG levels and the mass action equation. We have validated this method as yielding similar results to equilibrium dialysis (42) , but it is dependent on the validity of the total testosterone and SHBG level used. Our data demonstrate that total and free testosterone, but not DHEAS, are reduced in anorexia nervosa. Moreover, marked reductions in both free testosterone and DHEAS occur in women with anorexia nervosa who take oral contraceptives. In contrast, normal-weight women with hypothalamic amenorrhea appear to have normal androgen and DHEAS levels. Free testosterone, total testosterone, and DHEAS levels predict bone density at most skeletal sites tested in this cross-sectional study. It is not known whether the reduction in free testosterone and DHEAS levels in women with anorexia nervosa using oral contraceptives is harmful to skeletal health or has other deleterious effects. Interventional studies are needed to further investigate these issues. 
